A cDNA clone encoding for a Prothymosin a (Prot-a) has been isolated and characterized from the testis of the frog Rana esculenta. Frog Prothymosin a (fProt-a) predicted a 109 amino acid protein with a high homology to the mammalian Prot-a. fProt-a contains 28 aspartic and 25 glutamic acid residues and presents the typical basic KKQK amino acid sequence in the close carboxyl terminal region. Northern blot analysis revealed that fProt-a is highly expressed in the testis. A different expression of fProt-a transcript was found during the frog reproductive cycle with a peak in September/October in concomitance with germ cell maturation, strongly suggesting a role for this protein in the testicular activity. In situ hybridization evidenced that the only germ cells expressing fProt-a are the primary and secondary spermatocytes; in addition, the hybridization signal was stronger in the October testis. Taken together, our findings indicate that fProt-a might contribute to the efficiency of frog spermatogenesis with a role during the meiosis. This study is the first report on the isolation and characterization of a Prot-a in a non-mammalian vertebrate. In addition, our results indicate that the testis of the frog R. esculenta may be a useful model to increase the knowledge concerning the physiological role of Prot-a in vertebrates. q
Prothymosin alpha (Prot-a) is a highly acidic nuclear protein of 13 kDa found virtually in all mammalian cells (Clinton et al., 1991; Manrow et al., 1991; Palvimo and Linnala-Kankkunen, 1990; Watts et al., 1989) . Prot-a was originally isolated from thymus and has been probably considered the most acidic polypeptide in the eukaryotic world, showing more than 50% amino acid residues [glutammic and aspartic] (Haritos et al., 1985) . The physiological role of Prot-a is still unclear; several lines of evidence suggest that it is an essential protein involved in cell proliferation, since quiescent cells or non-proliferative tissues do not contain or have very low levels of Prot-a (see for review Piñeiro et al., 2000) . Prot-a has been established also as a marker for breast cancer (Dominguez et al., 1993; Magdalena et al., 2000) ; in fact, high levels of Prot-a gene expression have been observed in mitogen-stimulated or malignant tissues with respect to the normal tissues (Eschenfeldt and Berger, 1986) . In addition, Prot-a in vitro interacts firmly with histone H1-containing chromatin suggesting its putative role in the fine-tuning of the stoichiometry and/or mode interaction of histone H1 with chromatin (Karetsou et al., 1998) . Trumbore et al. (1998) failed to find the presence of Prota in yeast and other organisms ranging from bacteria to amphibians; they considered the presence of the gene in animals other than mammals to be highly unlikely. For the first time, this work has shown the cloning of a cDNA encoding for a Prot-a in a non-mammalian vertebrate, the frog Rana esculenta. In addition, since frog Prot-a (fProt-a) expression in the testis changes during the annual spermatogenic cycle we suggest its involvement in the frog testicular activity. This work was supported by the Italian Ministry of University and Scientific Research MURST (ex 40% 'Geremia') and the Second University of Naples (ex 60%) grants.
Results

Isolation and characterization of fProt-a cDNA
During the screening of a cDNA library from the testis of R. esculenta as reported by De Rienzo et al. (2001) we isolated 14 cDNA clones probably corresponding to genes highly expressed in the testis. We report here on the analysis of cDNA clone test7 that contains an insert of 547 bp (EMBL data bank accession number: AJ312835) with an open reading frame coding for a protein of 109 amino acids. The deduced amino acid sequence was compared with all non-redundant GeneBank entries and showed a high similarity to mammalian Prot-a, for this reason this clone was named fProt-a. The protein shows a high identity at amino acid level with human (71.4%), bovine (69.6%), mouse (67.9%) and rat (67.3%) Prot-a (Fig. 1) . The fProt-a polypeptide contains 28 aspartic acid and 25 glutammic acid residues; in addition, it presents in the carboxyl terminal the typical basic amino acid domain KKQK sequence (residues 101-104) that represents the nuclear localization signal (NLS) found in all the other known Prot-a proteins.
fProt-a expression
The expression of fProt-a gene in different R. esculenta tissues was analyzed by Northern blot using as a probe the fProt-a cDNA. As shown in Fig. 2A fProt-a is expressed in all the tested tissues, at a low level in the harderian gland (HG), liver and muscle and at a higher level in the testis, brain and kidney. The transcript is present as a single band of about 1.6 kb, using as reference the 18 S ribosomal RNA, in all the tissues; an additional band of 1.4 kb was detected in the muscle ( Fig. 2A) .
The amount of RNA in each line was controlled using as a probe the frog ribosomal P1 cDNA (EMBL data bank accession number: AJ298875) (Fig. 2B ).
Temporal expression of fProt-a during the annual spermatogenic cycle
To examine the expression of fProt-a during spermatogenesis, a Northern blot analysis was performed using total RNA from testes of frogs collected bimonthly during the annual cycle. fProt-a transcript was detected at a very high level during the months of July-December while it was detected at a low level from January-June (Fig. 3A) .
The amount of RNA in each line was controlled using as a probe the frog ribosomal P1 cDNA (Fig. 3B ).
Cellular localization of Prot-a mRNA1
To obtain an overall view of fProt-a localization, in situ hybridization experiments were performed on frog testis using digoxigenin (DIG)-labeled sense and antisense cRNAs as probes. The experiments were carried out in October testis when fProt-a expression is at its highest level and on the March testis when fProt-a expression is at its lowest level. Two positive signals were detected in the October testis (Fig. 4A ), a stronger one in the cytoplasm of primary and secondary spermatocytes (I, II SPCs) ( Fig. 4B and C) and a lower one in the interstitial tissue (Fig. 4B) , while in the March testis weak signals were present both in the cytoplasm of I and II SPCs and in the interstitial compartment (Fig. 4D) . No signals were detected in October (Fig. 4E) and March sense treated testis.
Discussion
In the present paper, we report the isolation and characterization of a cDNA clone encoding for a fProt-a. fProt-a, as the other Prot-a found in mammals, is a highly acidic protein and presents in the close carboxyl terminal region a basic amino acid KKQK sequence, which has been proposed to represent the NLS of the protein. This suggestion is based on the similarity to the canonical continuous NLS found in other proteins such as that of SV 40T antigen (Gomez-Marquez and Segade, 1988) , and on the inability of a truncated Prot-a (residues 1-88) to accumulate in Xenopus oocyte nuclei (Watts et al., 1990) . Interestingly, while fProta protein shows about 70% of identity with the mammalian ones, the identity at nucleotide level becomes very low; for this reason, Trumbore et al. (1998) were unable to identify a homologous Prot-a gene in frogs.
The function of Prot-a is still not completely understood, but its nuclear localization and the fact that it is synthesized without a signal peptide suggests an intracellular action (Goodall et al., 1986) ; however, it has also been detected in human serum, representing 10% of the total Prot-a content in blood (Panneerselvam et al., 1987) . Strong evidence indicates that Prot-a has a role in cell proliferation; in fact, its expression is high in proliferative but not in quiescent cells. In addition, in adults the more proliferative tissues exhibit higher levels of Prot-a and of its transcript (Haritos et al., 1984) . In vitro experiments demonstrated that Prot-a binds specifically to histone H1 in the nucleus (Diaz-Jullien et al., 1996) and it has been proposed that its biological role may be the remodeling of chromatin fibers by modulating the interactions of histone H1 with chromatin (Karetsou et al., 1998; Gomez-Marquez and Rodriguez, 1998; Wolffe and Hayes, 1999) . Recent studies have suggested that Prot-a seems to be the substrate for caspase 3 activity because of its fragmentation in the course of apoptosis induced by various stimuli (Enkemann et al., 2000; Evstafieva et al., 2000) . There is also evidence that Prot-a binds to tRNA (Lukashev et al., 1999) and that its gene expression may be regulated by melatonin (Molinero et al., 2000) . In addition, Martini et al. (2000) find that Prota selectively enhances transcriptional activation by the estrogen receptor, but not that of other nuclear hormone receptors.
This paper shows that fProt-a mRNA is expressed at different levels in several frog tissues; in particular, a single transcript of about 1.6 kb is expressed more in the testis, kidney and brain than in the liver, HG and muscle ( Fig. 2A) . This finding is in accordance with a previous paper by Adams et al. (1995) in which a survey of human cDNA libraries showed that the Prot-a gene was among the most abundantly expressed genes together with the 90 kDa heat shock protein, myosin light chain and ribosomal proteins.
It should be noted that the differences in size between the cDNA and the transcript might be due to an uncorrected annealing of oligo dT in the 3 0 untranslated region (UTR) during the cDNA library construction. In the muscle of the frog a second band of 1.4 kb is present, probably due to a specific alternative splicing in the 3 0 UTR. In fact, using specific oligonucleotides for the total coding region we obtained a single band by reverse transcriptase-polymerase chain reaction amplification on the RNA of muscle (data not shown).
To date, there is no information concerning the role of Prot-a in the vertebrate testis. We found that Prot-a expression in the testis was at a very high level, and keeping in mind that R. esculenta is a seasonal breeder with a spermatogenic cycle regulated by endocrine and environmental factors (Rastogi and Iela, 1992) , we focused our interest on the temporal and spatial localization of the fProt-a transcript in the frog testis during the reproductive cycle. Analyses of the Northern blot revealed a different expression of the transcript throughout the year (Fig. 3A) . fProt-a mRNA is abundant in July-August, it reaches a peak in September-October and then gradually declines from November onwards with a minimum in March-April. It is of interest to remember that spermatogenesis in R. esculenta resumes from February onwards showing the highest activity in late summer and early autumn, this profile is parallel to the expression of fProt-a mRNA and strongly suggests a role of this protein in testicular activity. In situ hybridization (Fig. 4) revealed that the only germ cell types expressing fProt-a are the I and II SPCs. In spring, concomitantly to the high proliferative activity of spermatogonia (SPG) and when I and II SPCs are rare, spermatids (SPT) are totally absent and fProt-a is at its lower level. In contrast, fProt-a is expressed at its highest level in September-October when SPG are at their lowest proliferative activity and the testis presents the highest number of SPC and SPT nests (Rastogi and Iela, 1980) .
In conclusion, our present study is the first report on the isolation and characterization of a Prot-a in a non-mammalian vertebrate, the frog R. esculenta. Since fProt-a expression varies during the spermatogenetic cycle concomitantly with the germ cell maturation, we propose that fProt-a might contribute to the efficiency of spermatogenesis in these species with seasonal breeding. In addition, the fProt-a expression was detected at a high level in the germinal compartment particularly in the cytoplasm of I and II SPCs, strongly suggesting a new role for Prot-a in the meiosis.
Experimental procedures
Animals
Twenty male adult frogs of R. esculenta were supplied monthly by a local dealer. The animals were killed by decapitation under anesthesia (MS-222 Sigma Chemical Co., St. Louis, MO) and the testes, HGs, kidneys, livers, brains and muscles were dissected, quickly frozen by immersion in liquid nitrogen and stored at 2808C until RNA extraction. In addition, five testes were fixed in Bouin's fluid, processed for histological observation.
Isolation and sequencing of the cDNA clone
Two cDNA libraries prepared from poly(A) 1 mRNA extracted from testis and HG (Aniello et al., 1996) were rescued as Bluescript plasmids by helper phage mediated in vivo excision (Stratagene, Cambridge, UK) to obtain the total cDNA inserts. The maxiexcision of the HG cDNA library was used to prepare the probe to screen the maxiexcision of the testis cDNA library as described in De Rienzo et al. (2001) . We performed sequence analyses on 14 negative clones by the dideoxinucleotide procedure (Sanger and Coulson, 1975) .
Preparation of total RNA/Northern blot analysis
Total RNA from the testes, HGs, kidneys, livers, brains and muscles of the frog R. esculenta were prepared with the Chomczynski and Sacchi (1987) procedure. Total RNA (20 mg for each sample) was fractionated by electrophoresis in 2.2 M formaldehyde on 1% agarose gel and then transferred to a nylon membrane by overnight capillary blotting. The filters were prehybridized and hybridized to fProt-a probe in the same conditions as reported by De Rienzo et al. (2001) . The filters were washed twice for 30 min at 658C in 0.2 £ standard saline citrate and 0.1% sodium dodecyl sulfate and finally were exposed to X-ray film (HR-H, FUJI) .
In situ hybridization
March and October frog testes were perfusion fixed in Bouin's fluid for 24 h at room temperature. The tissues were dehydrated and embedded in paraffin. Five-micrometer paraffin sections were dewaxed in xylol twice for 10 min each time and transferred through descending grades of ethanol to diethylpyrocarbonate-treated phosphate buffered saline for 5 min. For the in situ hybridization the sections were treated following the same conditions as described by De Rienzo et al. (2001) using the 547 bp Prot-a pBluescript II SK 1 clone linearized with either EcoRI or XhoI to create antisense or sense cRNA probes using T7 or T3 RNA polymerases, respectively. The sense (control) and antisense cRNA probes were prepared by in vitro transcription using DIG-uridine triphosphate (UTP) (Roche Diagnostics) exactly as recommended by the manufacturer.
